Molecular simulations have been employed to explore at the microscopic scale the adsorption of CO in zeolites (MFI, CHA and DDR). On the basis of classical force fields, grand canonical Monte Carlo simulations are performed to predict the adsorption properties (isotherms) of these types of zeolites up to high pressure. Subsequent careful analysis yields details the microscopic mechanism in play, along the whole adsorption process, together with a considering of the arrangements of CO in MFI at high pressure. This work also summarizes an approach which uses single component diffusion data in prediction of multicomponent diffusion.
Introduction
Synthetic gas, or syngas, is used for the production of fuel such as methanol and dimethyl ether (Gaḑek et al. 2013; Azizi et al. 2014) . Syngas can be made from various raw materials (Richardson et al. 2015) such as, for example, black liquor. Black liquor is a by-product of wood-pulp production that contains the process chemicals and biomass in the form of wood residues. Methanol is generated from carbon monoxide, carbon dioxide, and hydrogen contained in syngas using a catalyst based on oxides of copper and zinc (Marschner and Moeller 1983) . Syngas also contains other components, including various by-products, in addition to these three gases. To prevent deactivation of the sensitive catalyst, the process gas must be purified before entering the reactor for methanol production (Knoef 2005) . Carbon monoxide has strong reducing properties, and is particularly useful for industrial applications, such as production of methane, alcohols, organic acids and esters. In contrast to these uses, its well known toxicity for hemoglobic animals, makes it an undesirable atmospheric pollutant, particularly in industrialized areas. Oxides of carbon are involved in many chemical and industrial processes, and their removal to prevent them from harming the environment thus is, naturally, a matter of concern. Selective adsorption of the carbon oxides for purifying hydrogen produced from syngas, also has economic benefits (Liu et al. 2010) .
Carbon monoxide is the product of incomplete combustion of a carbonaceous fuel, and as such is inevitably found at varying concentrations in all exhaust streams. At present, there are two methods available by which CO may be separated from a mixture of exhaust gases for subsequent use it as a chemical reagent: chemical reactions and liquefaction (Eller and Frederick 1949) .
Liquefaction is applicable only in the case where a gas mixture containing CO has a relatively low concentration of nitrogen, due to the complexity of separating CO from a large amount of nitrogen by liquefaction. Such gas mixtures should also be substantially free of water vapour and carbon dioxide, because these compounds form solid phases at the temperatures involved in the liquefaction process, which may cause obstructions in the plant [Liquefaction of Gases, The
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Great Soviet Encyclopedia, 3rd edn, The Gale Group, Inc., Farmington Hills (1970 -1979 ].
Various purification techniques to remove unwanted compounds may be used prior to the manufacture of methanol or dimethyl ether (Dragomirova et al. 2015; Feng et al. 2015) . One of the most promising technologies employs inorganic membranes based on functional coatings to create a chemical environment in the form of a microporous zeolite coating (Dragomirova et al. 2015; Feng et al. 2015; Ackley et al. 2003) . Zeolites generally stand out as the most advantageous and competitive porous solids used for industrial applications based on physisorption for the selective capture of selected gases. It shows high permeability and selectivity, with sufficient thermal and chemical stability, which allows the integration of membrane processes for the cost-effective production renewable fuels and chemicals (Ackley et al. 2003) .
Recently, several developments relating in general to methods for recovery of CO from gas mixtures, and in particular to a process of selectively adsorbing CO from gas mixtures using a zeolite sieve effect (Sethia et al. 2013) . Accurate description of the properties of adsorption and diffusion of molecules in zeolite membranes for gas mixtures plays an important role in the engineering of processes for separating mixtures. Optimization of the operating conditions for zeolitic membranes is aided by developing a detailed understanding of the adsorption and diffusion processes that are involved. It has been found that the mass transfer of CO 2 and H 2 in an MFI zeolite can be described by a Maxwell-Stefan (MS) model (Taylor and Krishna 1993; Krishna and Broeke 1995) . By applying this model data of single-component adsorption and diffusion can be used to predict the gas mixture separation with a high degree of confidence (Dubbeldam and Snurr 2007) .
MS approach for modeling the performance of zeolite membranes in separations has proven to be useful. It allows to predict the mixture permeances based on single component adsorption and diffusion data as an input to the model. Recently, a model of the transport through the composite membrane structure was described (Grahn and Hedlund 2014) , where transport through the zeolite layer assumed to occur both via zeolite poresa and via flow-through defects. Maxwell-Stefan formalism (Taylor and Krishna 1993; Krishna 2014) in combination (Kapteijn et al. 2000) with the ideal adsorbed solution theory (IAST) was implemented to describe transport through the zeolite pores.
Zeolite membranes are an attractive instrument for gas separation due to the high flux capability and its chemical, mechanical and thermal stability. Having well-defined pore structure these membranes can facilitate high selectivity. Despite it has been found more then 200 different zeolite structures, just few of them can be prepared as a membranes, in particular MFI (Guo et al. 2006; Sandström et al. 2011; Bernal et al. 2004) , CHA (Hong et al. 2008; Li et al. 2006) , DDR (Himeno et al. 2007; Tomita et al. 2004) , LTA (Sato et al. 2008a, b) , FAU (Caro and Noack 2008; Kusakabe et al. 1999) and SOD (Julbe et al. 2003; Khajavi et al. 2009) . Worse yet, most of them have a low permiability by the reason of the high film thickness and moderate selectivity by the reason of defects.
MFI membranes possess efficient separation of small gas molecules utilizing adsorption selectivity inspite the molecular sieving (Kosinov et al. 2016) due to the average pore size of MFI zeolite (5.5 A) is larger then kinetic diameter of those molecules. On the contrary DDR membranes with window size by 3.6 × 4.4 A can separate small gas molecules based on molecular sieving, for example selectivity for CO 2 /CH 4 is 100-3000 (Bergh et al. 2008) . Similar high selectivity can be achived utilizing CHA (3.8 A) membranes . However, small pore membranes such as DDR and CHA, have the low membrane permeance by present manufacture methods.
Owing to the flammability and high toxicity of carbon monoxide making it a difficult material to study in experiments, there is relatively little information on its adsorption and diffusion in zeolites. Indeed, the high toxicity of carbon monoxide creates considerable problems for making gravimetric, manometric, and microcalorimetric measurements, emphasising the need to involve computational methods to predict thermodynamic properties of such systems. In the present work, molecular simulations are used to predict the adsorption properties of CO in the MFI, CHA, and DDR types of zeolites, and its diffusion behaviour in MFI. We also examine the applicability of the Reed-Ehrlich model for calculating diffusivities in zeolites (Reed and Ehrlich 1981) .
In general, where the transport diffusivity no longer takes the form of Henry's law, it increases strongly with the loading due, mainly to the dominant effect of thermodynamic correction factor, which for a suitable adsorption isotherm increases strongly after saturation (Kärger et al. 2012) . Of particular interest are corrected diffusion coefficients computed from the transport diffusion coefficients. According to the Reed-Ehrlich model, the dependence of corrected diffusivity on loading is much weaker than the same dependence for the Fickian diffusivity for a wide variety of different systems, and corrected diffusivity, as found experimentally, is approximately independent from the loading, except in the saturation region (Kärger et al. 2012) [see detailed discussion also at Dubbeldam and Snurr (2007) ].
However, the definition of the thermodynamic factor requires very accurate equilibrium isotherms, especially at high adsorption value where it is exposed to significant volatility. Corrected diffusivity is dependent on the loading, and thus can experimentally be observed only when the variation is relatively large. Since the Reed-Ehrlich model is based on a lattice model, it implies that with saturation the corrected diffusivity must decay to zero. However, as the thermodynamic factor tends to infinity, the Fickian diffusivity corresponding to the product of the mobility (jump rate) and thermodynamic factor, tends to a finite limit. When there is no interaction, then Fickian diffusivity is independent of the loading. Although the experimental data at high loading a limited, the sharp decline in diffusivity is widespread, especially for systems with open pores, but the observed decline is usually not as sharp as the model predicts. In fact, one can expect that for saturated diffusion in systems with open pores will drop to a certain part of the liquid phase diffusion under similar conditions other than zero (Kärger et al. 2012 ).
Methodology
Most of the published molecular simulation studying in zeolites at this time have used Kiselev's model (1978) . In this model zeolite atoms are fixed, and interactions of guest atoms with silicon atoms is accounted for by an effective interaction only with the surrounding oxygen atoms. This model has shown a significant success, both in using the molecular dynamics method to compute the diffusivities via the Einstein relation (Dubbeldam and Snurr 2007) , and using the Monte Carlo method to calculate the sorption of hydrocarbons (Xu et al. 2007 ).
Adsorption of carbon monoxide was investigated by a Monte Carlo method for a grand canonical ( VT) ensemble using the MCCCS Towhee (Martin 2013) program for rigid framework models of MFI. This Monte Carlo molecular simulation tool includes the configurational-bias Monte-Carlo (CBMC) algorithm. Two model systems are used in the present work: adsorbent and adsorptive reservoir. In these, the probabilities for GCMC moves involving CO particles are as follows: insertion/deletion 50%; translation 25%; intrabox reinsertion 25%. For each chemical potential, 10 7 steps are used to equilibrate the system, and a further 10 7 are used for data collection. The Towhee code requires analytical values for chemical potentials rather than pressures as input. In this work, we use GCMC simulations (one simulation box only) in the isobaric-isothermal (NpT) ensemble to determine the pressure of CO at a given chemical potential.
The orthorhombic phase (Pnma space group) of MFI zeolite is used as the basis for the simulations of this material. Its crystallographic parameters are a = 20.0511 Å, b = 19.8757 Å, c = 13.3682 Å, where a is main direction of zigzag, and b is direction of the straight channels. The simulation cell comprises 2 × 2 × 3 unit cells. For pure silica chabazite (CHA) the model crystal is rhombohedral (R3m) with a = 13.675 Å, b = 13.675 Å, c = 14.767 Å, and the simulation cell comprises 3 × 3 × 2 unit cells. The all-silica DDR zeolite is also rhombohedral R3m, and its lattice parameters are a = 13.795 Å, b = 13.795 Å, c = 40.750 Å. In this instance, the simulation cell comprises 3 × 3 × 1 unit cells. The initial atomic positions are provided by Baerlocher and McCusker (2000) . The charge assignments for the atoms in the zeolite framework taken from Dubbeldam et al. (2004) ; García-Pérez et al. (2007) are 2.05e and −1.025e for Si and O atoms, respectively. The 'bond increment' (Maple et al. 1994 ) method of charge assignment is used for the framework. The polar model of carbon monoxide (Pałucha et al. 2004 ) uses two different Lennard-Jones centres, and two partial charges, each with a magnitude of 0.0223e, and separated by the experimentally determined bond length of 1.128 Å (Gilliam et al. 1950) . The sign of the charges is are negative on the oxygen atom and positive on the carbon atom; thus, the molecule possesses a dipole of 0.12 D, which is very close to the experimental value. The Lennard-Jones parameters are = 3.55 Å and ∕k B = 37.15 K for carbon atoms, and = 2.95 Å and ∕k B = 61.57 K for oxygen atoms. The Lorentz-Berthelot rules (Allen and Tildesley 1989) for the mixing interaction then yield = 3.25 Å and ∕k B = 47.87 K for C-O.
An earlier study ), which used a direct Gibbs-ensemble Monte Carlo simulation to calculate the distribution of CO molecules in sI clathrate, similarly employed Lennard-Jones potentials. In this instance, the parameters describing the interactions between carbon atoms and oxygen atoms in the molecules, with the oxygen atoms in the framework, were = 2.7815 Å, ∕k B = 50.2 K, and = 2.9195 Å, ∕k B = 84.93 K, respectively. The range of Coulomb and van der Waals interactions are confined to a distance r cut = 12 Å, beyond which analytical tail corrections are applied. The Ewald summation method is used to calculate the electrostatic interactions (Allen and Tildesley 1989) .
For the pressures in the range 10 2 -10 7 Pa, when mostly one category of the sorption sites are occupied, the simulations are fitted to the ordinary Langmuir-Freundlich (1) and Toth (2) models:
and Also adsorption isotherm obtained by CBMC is fitted to dual-site Langmuir-Freundlich model (Ruthven 1984) :
The dual-site Langmuir-Freundlich model distinguishing two categories of different active sorption sites in the adsorbent.
(
.
The molecular dynamics (MD) simulations for reproducing of diffusion of carbon monoxide molecules in differently loaded zeolite framework are performed using the DL_POLY program package (Todorov and Smith 2011) . The MD simulations begin from equilibrium configurations, which are derived from Monte Carlo simulations. These are subsequently equilibrated for 100 ps, before commencing a 2-ns simulation run. The velocity Verlet algorithm is used for integrating the equations of motion in which a time step of 1 fs is used, in conjunction with a NVT Nose-Hoover thermostat for controlling the temperature, with t = 1 ps.
The diffusivity for any given conditions can be calculated from the mean-square displacement (MSD) or the velocity auto-correlation function, using the Einstein relation (1905),
The term between angled brackets is the ensemble average, where (t) is an initial location of an individual molecule, and (t + Δt) is its position after an interval Δt . Thus, the formula represents the kinetic behaviour of each molecule among all the others.
The streaming properties, meaning the collective behaviour of the system, is calculated using the mean square displacement of the centre of mass of the swarm of N molecules. This corresponds to the corrected diffusivity (Papadopoulos et al. 2004) or Maxwell-Stefan diffusivity using (Krishna Skoulidas et al. 2003; Krishna 2009) 
D 0 is a collective property, and has much poorer statistics than D self .
Results and discussion
Our Monte Carlo simulations yield adsorption isotherms for CO at 278, 298, and 318 K. The results are shown in Fig. 1 Adsorption isotherms obtained by the Configuration-bias Monte-Carlo method in a Grand canonical ensemble can be compared by fitting them to empirical adsorption models. In some zeolite structures, such as MFI, straight channels are connected via zig-zag channels, forming a network where different adsorption locations can be distinguished between those that lie within the channel interior, and ones at the intersections joining the straight and zig-zag channels. These isotherms generally give rise to an inflection corresponding to the saturation
of the first type of adsorption sites. Langmuir-Freundlich isotherms are represented by Eq. (1). The pressure range 10 2 -10 6 Pa is of greatest interest in terms of practical use, see Grande (2012) and references therein. Fitting the adsorption isotherms in the regime where Henry's law applies gives the parameters for the Langmuir-Freundlich (1) and Toth (2) models shown in Table 1 . Despite combining features of both Langmuir and Freundlich models, the Langmuir-Freundlich isotherm still does not follow the expected linear behaviour at low pressures. The Toth isotherm, in contrast, does satisfy both the low and high pressure limits. In this work adsorption isotherm has also been fitted for dual-site Langmuir-Freundlich model (Ruthven 1984 ) over the pressure range 10 2 -10 12 Pa, which yields the parameters presented in Supplementary Table S3 . From the adsoption isotherm graphs one can see that considered zeolites shows uptake rate in correspondence with their total pore volumes 0.242, 0.321 and 0.434 cm 2 g −1 for MFI, DDR and CHA, respectively (First et al. 2011) . Figure 2 compares the simulated isotherms for CO in MFI with the experimental isotherms of Calero and coworkers (2014) and Golden and Sircar (1994) . It shows good agreement with experiment in all range of pressures especially for Calero's simulations (Matito-Martos et al. 2014 ) at 298 K.
The Clausius-Clapeyron Eq. (6) yields values for the isosteric entalpy of adsorption.
where P is the pressure, P 0 is an arbitrary reference pressure, T is the absolute temperature, c is the loading, and R is the gas constant. At low pressures, when for LangmuirFeundlich parameters bP ≪ 1 satisfy N ≃ N m b P and from (6) it can be deduced that (7) (7)
For CO adsorption in MFI (7) gives 3.5 kcal mol
. Using the same method for fitting to the Langmuir-Freundlich model adsorption data taken from Calero and coworkers (2014), and the work by Golden and Sircar (1994) yields 3.6 and 3.9 kcal mol −1 , respectively. Despite that the use the values from the adsorption isotherm to calculation of heat of adsorption is rather inaccurate, this result allows also to validate found isoterm. More reliable values was computed by the Widom test particle method (Frenkel and Smit 2002) . It gives 3.9, 3.6 and 3.1 kcal mol −1 for MFI, DDR and CHA, respectively. It is in reasonably good agreement with reported by Golden and Sircar (1994) and Savitz et al. (2000) 3.95 and 4 kcal mol −1 from experiments, and computed by Calero and coworkers (2014) 4, 3.8 and 3.2 kcal mol −1 values for MFI, DDR and CHA, respectively. Figure 3 shows MS diffusivity calculated for CO from the slope of mean square displacement (4) and mean square displacement of the center of mass of the swarm of adsorbed molecules (5) respectively. MS diffusivity D 0 is depends on loading, and can also be described using the Reed-Ehrlich quasi-chemical approach :
, c sat is the saturation capacity of species in a zeolite host, w is the interaction energy, which is affected by molecular interactions, and Z is the coordination number of the lattice, giving the number of nearest neighbours. For the MFI structure Z = 2.5 . In this work, in line with , we assume that the interaction energy depends on loading, and can be expressed as
The parameters after fitting the simulation data are given in Table 2 . Despite adsorption isoterms drawn using these parameters are in the good agreement with simulation data, attemptions to recover the values of the interaction energy using correspondence between Eqs. (11) and (13) are highly imprecise. Nevertheless, it can give a qualitative image of interaction energy. Supplementary Figure S5 shows the (12) = c c sat ,
curve of the dependence of interaction energy on the loading. It shows that interaction energy for CO in MFI, DDR and CHA has similar as (13) form.
The self-diffusion coefficient shown in Supplementary  Figure S4 depends on the occupancy, and can be described by where c is molar concentration of adsorbed CO and D self (0) is self-diffusivity at zero loading.
Self-exchange coefficient D ii shown in Fig. 4 represent molecule-molecule interaction and in case of diffusion in MFI additionally influenced by interaction with the walls (Mohammadi-Manesh et al. 2009 ). Comparing with Fuller, Schettler and Giddings (FSG) (Fuller et al. 1966 ) this values for the MFI a consistently lower then the fluid phase D ii . This can indicate that carbon monoxide do not reach liquid phase in MFI crystal before saturation. Self-exchange diffusivity coefficient can be used in selectivity engineering for separation prediction. The binary exchange coefficients D 12 reflect correlations in (14) Reed-Ehrlich parameters (20) fitted to MD simulation data = a 1 exp(−a 2 )
Reed-Ehrlich parameters (20) fitted to CBMC simulation data = a 1 exp(−a 2 ) where c i are the molar concentrations defined in terms of the pore volume, and the x i represent the component mole fractions x i = c i ∕c t , c t is the total molar loadings. The estimation of D ij is the key to the description of mixture diffusion characteristics; this parameter depends on a variety of factors: degree of confinement of the species within the pores, connectivity, and loading (Krishna and Baten 2009) . As it has been marked in Krishna et al. (2004) ; Krishna and Baten (2009) either the Darken-type equation (17) or the Vignestype equation (18) are to be preferred to the empirical interpolation formula (15) because of their more transparent physical basis. These equations allow estimation of the binary self-exchange coefficients for mixture diffusion from the unary self exchange. Using MS approach for modeling the performance of zeolite membranes in separations has proven to be useful. It allows to predict the mixture permeances based on single component adsorption and diffusion data as an input to the model. Using the above methodology and calculated parameters presented in this paper, one can use proven MS approach for modeling the productivity of zeolite membranes in separation of carbon monoxide from gas mixtures. Examples of using MS diffusivities and inverse of the thermodynamic factor to predict the Fick diffusivity can be found in Leppäjärvi et al. (2014) ; Ye et al. (2016) . The D ii encapsulate the influence of correlation effects in unary diffusion. The larger the value of the MS diffusivity D 0 with respect to self-exchange D ii the stronger are the consequences of correlation effects, and we may consider the ratio D 0 ∕D ii as a measure of the degree of correlations. As depicted in Fig. 5 it can be fitted from the MD simulated data using the expression From simulation a 2 = 0.2749 kg mol , a 1 close to zero.
Inverse thermodynamic factor has been calculated using adsorption isotherm shown on At low occupancies region ( bP << 1 ) c sat bP = KP , K is Henry's constant.
Comparing it with simulated data one can see that RE approximation works for loading before saturation, when availability of free vacancies in near neighbourhood begin to play essential role. Figure 4 shows that for loading more than 2.7 mol kg −1 carbon monoxide became in liquid phase, and according inverse thermodynamic factor on Fig. 7 Reed-Ehrlich approximation is inapplicable. According Fig. 5 in that area of loadings the ratio D 0 ∕D ii become valuable and, correspondently, correlation effects rises. As one can see in Fig. 3 the MS diffusion curve has a point of inflection near loading values close to the value where FSG curve cross the D ii curve in Fig. 4 . Starting with these loading values, the adsorption isotherm curve deviates from the single-site adsorption behaviors. By that reason adsorption isotherm has also been fitted for dual-site Langmuir-Freundlich model (Ruthven 1984) presented in Supplementary Figure S3 . To examine the arrangements of CO in MFI at these conditions the average occupation profile of CO was reconstructed and shown in Fig. 8 . The top-central part of Fig. 8 shows elliptic-shape occupation profiles, which is obtained by overlaying images of CO occurences in the zigzag channels near intersections. Preferable adsorption sites of carbon monoxide are in the intersections and zigzag channels. Straight channels begins to be occupied in the saturation with high pressure. Self-diffusivity of car- Top row shows occupation isolines from left to right for 001, 010 and 100 crystallographic directions. Bottom row shows obtained from ZEOMICS site (First et al. 2011 ) view of MFI structure for illustrative purposes bon monoxide through the MFI-type zeolite become steady with loading saturation.
Summary and conclusions
Molecular simulations were performed to explore at the microscopic scale the adsorption of CO in MFI, CHA and DDR. On the basis of classical force fields, Grand Canonical Monte Carlo simulations were performed for these types of zeolites up to high pressure to predict the adsorption properties and parameters for Langmuir-Freundlich, dual-side Langmuir-Freundlich and Toth isotherms were estimated. Using adsorption isotherm the isosteric entalpy of adsorption has been calculated. It shows good agreement with available experimental data. Molecular dynamics simulation were run for MFI type of zeolite. Has been studied single component diffusion behaviours. Self-diffusion, Maxwell-Stefan diffusion and self-exchange coefficient has been examined according CO in MFI loading. In paper also summarized approach to use single component diffusion data in prediction of multicomponent diffusion.It has been shown applicability of Reed-Ehrlich approximation in diffusion and adsorption for CO in MFI. Using parameters for Reed-Ehrlich approximation obtained from diffusion data the adsorption isoterm and inverse thermodynamical factor has been examined and compared with adsorption from direct Monte-Carlo simulation.It shows good concordance one with other in the low and middle loading conditions. Self exchange diffusion coefficient examination shows that for high loadings CO arrive liquid phase where Reed-Ehrlich approximation should not work. For the pressure range 10 2 − 10 8 Pa that is of greatest interest in terms of practical use the Reed-Ehrlich model is proven to be useful. It has been shows that CO initially occupy the intersections and zig-zag channels in MFI, then with high loadings it begin to occupy straight channels. This paper gives enough data of adsorption and diffusivity of CO in MFI zeolites for using it in chemical process engineering. Using this data in appropriate model the steady-state sensitivity and dynamic stability analysis can be performed for separation subsystem in plant-wide perspective. It can be used to design of sustainable separation processes by means of systematic methods aided by computer simulation. This paper also shows limits of applicability for Reed-Ehrlich approximation. It has been shown that Reed-Ehrlich approximation can be used in the wide range of conditions presents main interest of the industry.
